Introduction
Modi®cation of the rate of mRNA turnover provides a major post-transcriptional means of regulating gene expression (Ross, 1996) . In eukaryotic cells, one classical example concerns the expression of the early response genes (ERGs) which encode proto-oncogenes, such as c-myc, cytokines, lymphokines, growth factors and their receptors. After transient activation by extracellular stimuli, their mRNAs are rapidly degraded. mRNAs from many ERGs contain in their 3' untranslated region (3' UTR) a particular cis-acting element, the ARE, for AU-rich element (Greenberg and Belasco, 1993) . This element, which ranges in size from 50 to 150 nucleotides, has a high content of uridylate and, sometimes, adenylate residues; it usually possesses one or several copies of the AUUUA pentamer or UUAUUUA(U/A)(U/A) nonanucleotides (Chen and Shyu, 1995; Lagnado et al., 1994) . It functions as an RNA destabilizing element and thus plays a critical role in the regulation of gene expression during proliferation, dierentiation and in¯ammatory processes (Chen and Shyu, 1995; Greenberg and Belasco, 1993) . Although the mechanism that underlies ARE function remains to be determined, it is generally accepted that interaction of AREs with speci®c transacting factors leads to an increase in the rate of deadenylation, which is the ®rst step in ARE-directed mRNA decay (review in Chen and Shyu, 1995) .
A number of mammalian trans-acting factors interacting with AREs have been identi®ed and cloned, such as AUF1/hnRNPD (Kajita et al., 1995; Zhang et al., 1993) , 3-oxoacyl-CoA thiolase (Nanbu et al., 1993) , glyceraldehyde-3-phosphate-dehydrogenase (GAPDH) (Nagy and Rigby, 1995) , hnRNPA1 and hnRNPC (Hamilton et al., 1993) , AUH (Nakagawa et al., 1995) and the dierent members of the ELAV family, namely HuB/Hel-N1, HuC, HuD and HuR (human)/HuA (murine) (review in Good, 1995 and . Among these proteins, we were interested in AUF1 and HuR because there is a large body of evidence in favour of their functional role in AREmediated mRNA decay, in particular that of c-myc. AUF1, ®rst identi®ed by its ability to bind c-myc ARE in vitro (Zhang et al., 1993) , is one of the hnRNP proteins encoded by the hnRNPD gene. The four protein isoforms, p37, p40, p42 and p45, resulting from alternative RNA splicing (Wagner et al., 1998) contain two RNA Recognition Motifs (RRM) that mediate their binding to RNA sequences. They do not have any detectable speci®c endo-or exoribonuclease activity, suggesting that, in order to ful®l their roles in the cytoplasm, they may have to interact with other proteins, probably via their glycine-rich C terminus domain (Kildejian et al., 1997; Lo¯in et al., 1999; Wilson and Brewer, 1999; Zhang et al., 1993) .
HuR was initially characterized by its expression in non-neuronal cells (Ma et al., 1996) , a feature that distinguishes it from the other vertebrate Elav-like proteins, which are mainly expressed in brain (Good, 1995; Marusich and Weston, 1992; Perron et al., 1999;  reviews in Antic and Wakamatsu and Weston, 1997a) . The Elav-like proteins contain three RRMs with a characteristic tethering domain between the second and third RRM (reviewed in Good, 1995; Ma et al., 1996) . In the case of HuR, this region contains a nuclear-cytoplasmic shuttling sequence (Fan and Steitz, 1998a; Keene, 1999) which allows this predominantly nuclear protein to redistribute to the cytoplasm (Atasoy et al., 1998; Katz et al., 1994) and thereby potentially to aect dierent aspects of post-transcriptional gene expression, such as transport, stability and translation of its target mRNAs (Antic and Katz et al., 1994) . All four mammalian family members (HuR/ HuA, Hel-N1/HuB, HuC, HuD) bind speci®cally to AREs contained in 3' UTRs of numerous growth regulatory mRNAs (reviewed in Antic and . It is generally accepted that Hu proteins exert a stabilizing in¯uence on labile mRNAs (Fan and Steitz, 1998b; Ford et al., 1999; Jain et al., 1997; Levy et al., 1998; Peng et al., 1998; Wang et al., 2000a,b) .
In light of their putative role in the development of the CNS, the developmental expression of the neuronspeci®c Elav-like proteins has received close attention (Akamatsu et al., 1999; Perron et al., 1999; Wakamatsu and Weston, 1997b) . In contrast, a careful analysis of HuR and AUF1 expression has not yet been undertaken. In this paper, we report on the spatio-temporal expression of HuR and AUF1 mRNAs and proteins during murine development. We show that both RNAs can be detected as early as day 8.5 of embryonic development, the ®rst embryonic stage we have analysed. Subsequently, their expression varies in parallel in all the tissues analysed and largely overlaps that of c-myc mRNA, a prototypic ARE-containing mRNA. Our data suggest that these proteins might participate in the control of mRNA stability not only in fully dierentiated tissues but also early in development.
Results
Coordinated expression of AUF1 and HuR RNAs from the beginning of organogenesis to late stages of embryonic development
The expression of HuR and AUF1 was ®rst examined by whole-mount in situ hybridization on embryos taken from E8.5 to E10.5, using murine-speci®c AUF1 and HuR anti-sense probes (see Materials and methods). The signal detected by the AUF1 probe corresponds to RNAs encoding all four isoforms (Lafon et al., 1998) . Speci®c signals were detected with each probe as early as E8.5 (data not shown). The tissue distribution of AUF1 mRNAs was almost identical to that of HuR at all the stages analysed; as illustrated in Figure 1 for E10.5, the most intense labelling was observed in the branchial arches, neural tube and limb buds.
The comparative study of HuR and AUF1 mRNA expression was continued using S1 nuclease mapping analysis. RNAs were extracted from several extraembryonic (placenta and yolk-sac) and embryonic (total embryo, brain, limb buds, heart, liver or tail) tissues from E10.5 to E16.5 and hybridized simultaneously with AUF1, HuR and b 2 m probes (see Materials and methods); the b 2 m probe serves as an internal control, although its expression is low in the brain (Drezen et al., 1993) . As shown in Figure 2 , expression of HuR parallels that of AUF1 mRNAs in all tissues analysed (diagram Figure 3) , although it varies considerably from one tissue to another. The highest level of expression is observed in the brain, a tissue in which b 2 m expression is comparatively low, and the lowest is observed in the tail. While HuR and AUF1 expression varies little between E10.5 and E16.5 in the brain, it decreases in the latest stages analysed (E15.5/E16.5) in extra-embryonic tissues (yolk-sac and placenta) as well as in the embryo proper (tail, liver, and limb bud) with a noticeable peak of expression at E12.5/E13.5 in the placenta (see diagram Figure 3 ).
Taken together, these results indicate that HuR and AUF1 RNAs are expressed early in development and present a coincident spatio-temporal distribution from approximately the 10-somite stage to late embryogenesis.
The level of expression of AUF1 and HuR proteins parallels that of their respective mRNAs
In order to analyse the tissue distribution of the various AUF1 isoforms and determine whether there existed a correlation between AUF1 mRNA and protein expression, we performed a quantitative Western blot analysis using total cell extracts prepared from various embryonic and extra-embryonic tissues from 13.5-and 16.5-day-old embryos. Uniformity in loading was assessed by Coomassie blue staining ( Figure 4D ). When polyclonal anti-AUF1 antibodies (1871) are used ( Figure 4A ), three main bands are observed in all the samples, which correspond to p37, p40 and p45, as previously described (Zhang et al., 1993) . Although the level of expression of each isoform varies from one tissue to another, their relative abundance remains constant among the tissues analysed, p37 being always less abundant than the other isoforms. When compared to mRNA expression (Figure 2A,B) , there is a good correlation between AUF1 mRNA and protein expression, with a lower expression of AUF1 proteins in the tissues where AUF1 RNAs are comparatively less expressed, such as yolk-sac or liver, and a higher expression in other tissues, such as brain. The other proteins with approximate molecular weights (MW) of 50 kDa probably correspond to the heavy chain of IgG, since they are also observed when the anti-AUF1 antibodies are omitted (data not shown). The results obtained with the 5B9 monoclonal antibody, which reacts with an epitope present in the RRM 2 of all isoforms of hnRNPD, con®rm the temporal and tissue-speci®c regulation of AUF1 expression ( Figure 4B ). To analyse the pattern of accumulation of HuR protein, we repeated the Western blot analysis with the monoclonal antibody 19F12, which speci®cally recognizes a 32.5 kDa HuR protein (Marusich et al., 1994) . The results shown in Figure 4C indicate that HuR protein is ubiquitously expressed during embryonic development. (The extrabands that are observed in various tissues are also present when the primary antibodies are omitted and probably correspond to the heavy and light chains of IgG). However, its expression varies among the dierent tissues analysed, and is higher in embryonic tissues than in extraembryonic annexes. As in the case of AUF1, there is a strong correlation between mRNA and protein expression, as illustrated for instance by the foetal liver, where the drop in expression observed at the mRNA level between E13.5 and E16.5 ( Figure 2B ) is reproduced at the protein level ( Figure 4C ).
Similar tissue distribution of AUF1 and HuR proteins
When comparing Figure 4A ,B to Figure 4C , the parallelism between AUF1 and HuR proteins expression throughout embryonic development is striking. To determine whether this situation applied also to fully dierentiated tissues, we analysed the pattern of AUF1 and HuR expression in various adult organs. As shown in Figure 5A ,B, the same conclusion can be reached: the two AUBPs are both expressed at a low level in liver, kidney, heart, stomach and muscle, at an intermediate level in lung and at higher levels in testis, thymus, spleen, intestine and brain.
AU-binding proteins and c-myc mRNA expression overlap c-myc mRNA is an ARE-containing transcript with very short half-life that has been shown to bind to AUF1 (Zhang et al., 1993) and HuR (Ma et al., 1996) in vitro and to be subject to strong post-transcriptional regulation in vivo (Morello et al., 1989) . We therefore , liver (li), tail (ta), total embryo (em) and heart (he). The RNAs were simultaneously hybridized with the AUF1, HuR and b 2 m probes as described in Materials and methods. ND, D: undigested or digested respectively; P: protected probe decided to compare its pattern of expression to that of AUF1 and HuR proteins at dierent developmental stages and in dierent tissues. All together, the analyses performed either by in situ hybridization on wholemount E10.5 embryos (Figure 1 ) or at later stage by S1 nuclease protection assay ( Figure 6 and Lafon et al., 1998; Morello et al., 1989) indicate that, in most circumstances, its expression follows that of AUF1 and HuR.
Discussion
AUF1 and Hu proteins bind to AREs located in the 3' UTR of many stress- (Wang et al., 2000b) and growthrelated mRNAs, including c-myc, c-fos, and GM-CSF (review in Chen and Shyu, 1995; Ross, 1995) and to other as yet unidenti®ed mRNAs (Bhattacharya et al., 1999) . They may participate in controlling the stability of these transcripts. Disturbance in this mRNA metabolism has been implicated in neoplastic phenotypes (Henics et al., 1994) . It is apparent that the RNA-binding ELAV family members HuB/Hel-N1, HuC and HuD are expressed during neuronal dierentiation and play an important role in this process (review in Antic and Akamatsu et al., 1999; Perron et al., 1999; Wakamatsu and Weston, 1997b) . However, the functions of HuR and AUF1 in cell proliferation and dierentiation have yet to be investigated. Although proposed to be ubiquitous, expression of these proteins has been reported only in a small number of experiments performed with dierentiated cells, either from tissue culture (Lo¯in et al., 1999) , adult tissues (Ma et al., 1996; Lafon et al., 1998) or tumours (Nabors et al., 1998) . Thus our knowledge of their developmental expression remains very limited.
In the present study, we have examined HuR and AUF1 expression throughout murine development with the aim of answering two main questions: First, is the developmental pattern of AUF1 and HuR expression compatible with their putative roles in controlling growth-regulatory mRNAs? And if so, are their expression patterns in accord with complementary, or rather antagonistic, activities vis-aÁ-vis a speci®c target mRNA? We found that (1) there is a tight correlation between mRNA and protein levels. This strongly suggests that there is no major translational control of HuR and AUF1 synthesis though, of course, it does not preclude the possibility of tissue-speci®c post-translational regulation, like phosphorylation, which might modulate their biological eects in speci®c RNA/ protein and/or protein/protein interactions (Kiledjian et Whether these proteins act to protect RNAs from degradation or, on the contrary, to activate their decay is still an open question. Most experimental results strongly support the idea that AUF1 binding favours mRNA decay (Brewer, 1991; Buzby et al., 1996; DeMaria and Brewer, 1996; Kiledjian et al., 1997; Lo¯in et al., 1999; Pende et al., 1996; Wilson and Brewer, 1999 ) by a process that may involve the ubiquitin-proteasome pathway (Laroia et al., 1999) , whereas HuR would increase the stability of mRNAs with which it interacts (Fan and Steitz, 1998b; Ford et al., 1999; Jain et al., 1997; Levy et al., 1998; Peng et al., 1998; Wang et al., 2000a,b) and stabilize deadenylated intermediates generated from the turnover of AREcontaining RNAs (Ford et al., 1999; Peng et al., 1998) . However, the very similar spatio-temporal distributions of both AUF1 and HuR lead us to suggest that, rather than having opposite functions, these two oncoproteins may regulate cell growth and dierentiation by aecting concomitantly the stability of their target growth-and stress-regulated mRNAs.
Materials and methods

Embryos
Embryos of the desired developmental stages were recovered from uteri of pregnant F1 (C57Bl/66CBA) mice; extraembryonic membranes were removed. The day on which the plug is found is day 0.5 of pregnancy. Embryos were rinsed in phosphate-buered saline (PBS) and ®xed in 4% paraformaldehyde in PBS (45 min, 2 h or overnight at 48C for E8.5, E9.5 and E10.5, respectively). Embryos were then washed twice in PBT (PBS containing 0.1% Tween-20), dehydrated successively in methanol/PBT: 25/75, 50/50, 75/25 and 100% methanol at 48C and stored at 7208C. In situ hybridization Riboprobes: The following fragments were subcloned into pKS (Stratagene): a 478-nt-long BglII ± XbaI fragment of AUF1 which hybridizes with the four AUF1 mRNAs; a 345-nt-long fragment of HuR coding sequences overlapping part of RRM 2 and a 500-nt-long PvuII ± HindIII fragment including part of c-myc exon 3 and 3' UTR. Digoxygeninlabelled RNA probes were synthesized by in vitro transcription using T3 or T7 RNA polymerase (Boehringer Mannheim) and puri®ed using Micro Bio-Spin Columns (Bio Rad).
Embryos were rehydrated through a graded series of methanol/PBT (75, 50 and 25%) and washed twice in PBT. They were treated in 6% H 2 O 2 in PBT for 1 h at room temperature with rocking and then washed twice in PBT. They were treated with 10 mg/ml proteinase K in PBT with rocking for 10 min and washed twice in PBT. Embryos were re®xed in 4% paraformaldehyde and 0.1% glutaraldehyde in PBT for 20 min with rocking at room temperature and washed twice in PBT. Hybridization: embryos were rinsed once with 1 : 1 PBT/hybridization buer (50% formamide, 1.36SSC (pH 5 with citric acid), 5 mM EDTA, 50 mg/ml yeast RNA, 0.2% Tween-20, 0.5% CHAPS and 100 mg/ml heparin) for 5 min at room temperature with rocking; they were then rinsed once with 100% hybridization buer for 5 min at room temperature with rocking and incubated in hybridization buer at 708C for at least 4 h. Embryos were incubated in hybridization buer containing 200 ng of denatured riboprobe overnight at 708C with rocking. The probes were removed and embryos were incubated in hybridization buer for 2630 min at 708C with rocking and once in 1 : 1 hybridization buer/MABT (100 mM maleic acid, 150 mM NaCl pH 7.5, 0.1% Tween-20) at 708C with rocking and washed three times in MABT at room temperature. Embryos were then incubated for 1 h in MABT 2% BBR (Blocking Reagent ± Boehringer Mannheim) at room temperature 4 h in MABT, 2% BBR and 20% goat serum (Sigma) and then overnight at 48C with the 1/2000 diluted anti-DIG-antibody (Boehringer Mannheim) in MABT containing 2% BBR and 20% goat serum. Embryos were washed ®ve times 1 h each with rocking and then overnight at 48C. Colour reaction was performed in NBT/BCIP (Boehringer Mannheim) in NTMT (0.1 M NaCl, 0.1 M Tris HCl pH 9.5, 50 mM MgCl 2 , 1% Tween-20 and 2 mM levamisole). The reaction was stopped in PBT and embryos were stored in glycerol at 48C.
RNA extraction and S1 mapping assay
Total RNAs were extracted with the LiCl procedure (Auray and Rougeon, 1980 ) from dierent tissues of F1(C57B/ 66CBA) embryos. S1 mapping analysis was performed as previously described (Morello et al., 1986) . The AUF1 (19-, 49-), HuR, c-myc and b 2 m probes have been described previously (Lafon et al., 1998; Morello et al., 1985) . The temperature is 428C for AUF1/HuR/b 2 m hybridization and 468C for c-myc/b 2 m hybridization.
Proteins extracts and immunoblots
Organs were collected and frozen in liquid nitrogen. They were homogenized in 500 ml of a buer containing 100 mM NaCl, 10 mM Tris-HCl pH 7.5, 1 mM EDTA and a cocktail of protease inhibitors (Boehringer Mannheim) using an ultraturrax; they were sonicated twice (30 s). The protein concentration was determined as described (Bradford, 1976) . A 1/2 volume of 46 SDS gel loading buer was added (46 SDS gel loading buer: 62.5 mM Tris HCl pH 6.8, 10% glycerol, 2% SDS, 5% bmercaptoethanol and bromophenol blue). The samples were boiled for 5 min and either used immediately or stored at 7208C. To check that the amount of proteins from each extract was similar, two identical 10% polyacrylamide gels were loaded with extract from each tissue and run in parallel. One was used to visualize proteins (Gelcode blue stain reagent ± Pierce); the other one was used for Western blot assay. Brie¯y, the proteins were transferred overnight from the gel to a nitrocellulose membrane, using a wet electrophoresis transfer apparatus. After blocking 2 h with 5% non-fat milk in 10 mM Tris HCl pH 8, 150 mM NaCl and 0.025% Tween-20, the membrane was incubated with the primary antibodies for 2 h at room temperature in 5% non-fat milk, 10 mM Tris HCl pH 8, 150 mM NaCl and 0.025% Tween-20, washed in 10 mM Tris HCl pH 8, 150 mM NaCl and 0.02% Tween-20 and incubated with peroxidase conjugated antibodies for 1.5 h at room temperature. After three washes, detection was performed using the ECL kit from Pierce. The following antibodies were used: polyclonal rabbit anti mAUF1 antibody (1871) diluted 1/6000, monoclonal mouse anti mAUF1 antibody (5B9) diluted 1/1000 and monoclonal anti hHuR antibody (19F12) which cross reacts with mHuR diluted 1/20 000.
